The trkB family of transmembrane proteins serves as receptors for BDNF and NT-4/5. The family is composed of a tyrosine kinase-containing isoform as well as several alternatively spliced "truncated receptors" with identical extracellular ligandbinding domains but very small intracellular domains. The two best-characterized truncated trkB receptors, designated as trkB.T1 and trkB.T2, contain intracellular domains of only 23 and 21 amino acids, respectively. Although it is known that the tyrosine kinase isoform (trkB.FL) is capable of initiating BDNF and NT-4/5-induced signal transduction, the functional role or roles of the truncated receptors remain enigmatic. At the same time, the potential importance of the truncated receptors in the development, maintenance, and regeneration of the nervous system has been highlighted by recent developmental and injury paradigm investigations. Here we have used trkB cDNA transfected cell lines to demonstrate that both trkB.T1 and trkB.T2 are capable of mediating BDNF-induced signal transduction. More specifically, BDNF activation of either trkB.T1 or trkB.T2 increases the rate of acidic metabolite release from the cell, a common physiological consequence of many signaling pathways. Further, these trkB.T1-and trkB.T2-mediated changes occur with kinetics distinct from changes mediated by trkB.FL, suggesting the participation of at least some unique rate-limiting component or components. Mutational analysis demonstrates that the isoform-specific sequences within the intracellular domains of each receptor are essential for signaling capability. Finally, inhibitor studies suggest that kinases are likely to be involved in the trkB.T1 and trkB.T2 signaling pathways.
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The neurotrophin family of neurotrophic factors, composed of NGF, BDNF, NT3, NT4/5 and NT6, is essential for the proper development and maintenance of the nervous system. Classically known to serve as target-derived trophic factors regulating naturally occurring neuronal cell death during development, recent work has shown that neurotrophins also act during neurogenesis, neuronal differentiation, and pathfinding, as well as influencing synaptic efficiency (for review, see Davies, 1994 Davies, , 1996 Snider, 1994) .
The trk family of transmembrane receptors plays fundamental roles in mediating neurotrophin action (Kaplan et al., 1991a,b; Klein et al., 1991a; Jing et al., 1992; Meakin et al., 1992) . Alternative RNA splicing generates three well characterized trkB isoforms that bind BDNF and NT-4/5 (see Fig. 1 ). The trkB.FL isoform is a receptor tyrosine kinase with an extracellular ligandbinding domain, a single transmembrane domain, and a typical tyrosine kinase-containing intracellular domain (Berkemeier et al., 1991; Klein et al., 1991b Klein et al., , 1992 Soppet et al., 1991; Squinto et al., 1991) . Two other trkB isoforms (trkB.T1 and trkB.T2) possess the same extracellular and transmembrane domains as trkB.FL but with "truncated" intracellular domains (23 and 21 amino acids, respectively) lacking the kinase domain (Klein, 1990; Middlemas et al., 1991) . The first 12 intracellular amino acids of both trkB.T1 and trkB.T2 are common with trkB.FL. The remaining 11 and 9 residues, respectively, are isoform-specific and lack obvious homology to any known protein motifs.
Although trkB.FL is capable of mediating ligand-induced signal transduction via a tyrosine kinase-activated cascade (Berkemeier et al., 1991; Klein et al., 1991b Klein et al., , 1992 Soppet et al., 1991; Squinto et al., 1991) , little is known about truncated trkB receptor function. However, several observations suggest an important role or roles. First, the intracellular domain of trkB.T1 is 100% conserved among humans, mice, rats, and felines (Klein et al., 1990; Middlemas et al., 1991; Shelton et al., 1995; B. Hinkle, V. Makrides, M. Radeke, S. Feinstein, unpublished data) . Second, although initial studies suggested that trkB.T1 is expressed solely in non-neuronal cells, more recent work reveals high levels of trkB.T1 expression in both neurons and glia, including mature motor neurons, devel-oping cerebellar granule neurons , and trigeminal neurons (Ninkina et al., 1996) . Third, although trkB.FL is the predominant trkB isoform expressed during embryogenesis, trkB.T1 is the major isoform expressed in adult brain Allendoerfer et al., 1994; Armanini et al., 1995) . Fourth, trkB.T1 expression is induced markedly at the time of axon arrival at targets Allendoerfer et al., 1994; Armanini et al., 1995; Ninkina et al., 1996) and in hippocampal glia after lesion of the fimbria-fornix (Beck et al., 1993) . Although much less is known about trkB.T2, recent in situ hybridization studies show trkB.T2 mRNA expression in brain neurons .
Several models have been proposed for truncated trkB action. Recent heterologous expression studies examining coexpression of truncated and full-length trkB cDNAs in Xenopus laevis embryos (Eide et al., 1996) and sympathetic neurons (Ninkina et al., 1996) have shown that coexpression of truncated trkB receptors with trkB.FL reduced the ability of trkB.FL to induce particular BDNF-dependent events in a truncated trkB:trkB.FL ratiodependent manner. Taken together with recent work demonstrating that these receptors are coexpressed in at least some neurons, the suggestion is that the truncated receptors can act as naturally occurring dominant negative elements in cells coexpressing trk-B.FL. Another model suggests that truncated receptors might act as "sponges" to soak up excess ligand and act as a barrier to diffusion (Biffo et al., 1995 ). Yet another model suggests that they might serve to bind ligand reversibly in the extracellular space, thereby maintaining an elevated local concentration of ligand for use by nearby trkB.FL receptors (Beck et al., 1993) .
On the other hand, it is difficult to reconcile any of these relatively passive roles with either the extraordinarily high degree of intracellular domain sequence conservation or the fact that multiple truncated isoforms even exist, neither of which would be predicted by any of these models. Might the truncated trkB receptors serve additional functions?
In this study we have tested an alternative hypothesis, that is, that the truncated trkB isoforms trkB.T1 and trkB.T2 are capable of mediating ligand-dependent signal transduction. Previous investigations designed to test this hypothesis have used responses characteristic of known signaling pathways to assay for signaling capability, such as ligand-mediated induction of immediate early genes, calcium efflux, mitogenesis, neurite outgrowth, or survival. Using these assays, investigators found no evidence to support a ligand-dependent signaling role for trkB.T1 or trkB.T2 (Biffo et al., 1995; Roback et al., 1995; Eide et al., 1996; Ninkuna et al., 1996) . In contrast, we hypothesize that the truncated trkB receptor isoforms signal via a presently unknown signaling pathway. To test this version of the hypothesis, we have used an extremely general yet well established physiological assay for signal transduction-ligand-inducible release of acidic metabolites. With the use of this assay, our data demonstrate that both trkB.T1 and trkB.T2 are capable of mediating ligand-dependent signal transduction and, further, that their short isoform-specific intracellular sequences are required for that capability.
MATERIALS AND METHODS
Generation of trkB cDNA transfected cell lines. All trkB cDNAs were of rat origin except for the trkB.T1 cDNA, which was isolated from a human cerebellum cDNA library. However, the intracellular domains of trkB.T1 are conserved 100% among human, rat, mouse, and feline, and the extracellular domains are very highly conserved (Klein et al., 1990; Middlemas et al., 1991; Shelton et al., 1995; our unpublished data) . The trkB.FL and trkB.T2 cDNAs were generous gifts from D. Middlemas and T. Hunter (The Salk Institute La Jolla, CA; Middlemas et al., 1991) . Mutant cDNAs encoding trkB⌬435 and trkB⌬423 were generated by PCR, using rat trkB.FL cDNA as a template. The upstream primer in both cases was 5Ј GGACCCGCCATGGCGCGGCT 3Ј. The trkB⌬435 downstream primer was 5Ј CTATCAACCTTTCATGCCAAACTTGG 3Ј, and the trkB⌬423 downstream primer was 5Ј CTATCACTTGAGCA-GAAGCAGCATC 3Ј. Both downstream primers encode two in-frame stop codons at the desired site of truncation. Both mutant cDNAs were sequenced in their entirety on both strands to ensure that no spurious mutations had occurred during PCR amplification. cDNAs encoding trkB.FL, trkB.T1, trkB⌬435, and trkB⌬423 were ligated into pBJ5 (Elliot et al., 1990) and then introduced into Ltk Ϫ cells by calcium phosphate cotransfection along with pCHtk (Radeke et al., 1987) . Stable clones were selected with hypoxanthine-aminopterin-thymidine (HAT)-containing media. The cDNA encoding trkB.T2 was ligated into pBABE puro (Morgenstern and Land, 1990 ) and introduced into Ltk Ϫ cells by calcium phosphate transfection (Radeke et al., 1987) . Stable clones were selected with puromycin-containing media. To control for any possible effect of the puromycin selection on cell signaling capability, we subsequently transfected stable transfectants selected in HAT with pBABE puro vector lacking any cDNA insert and clonally selected them for resistance to puromycin.
Routine cell culture maintenance was in DMEM supplemented with 5% horse serum (Gemini Bio-Products, Calabasas, CA) and 5% supplemented calf serum (Gemini Bio-Products).
Cell staining with biotinylated BDNF. BDNF was biotinylated commercially by Vector Laboratories (Burlingame, CA) and was a generous gift from Geoff Lewis and Steve Fisher (UCSB). Cells were plated on poly-D-lysine-coated coverslips and then incubated with 20 ng/ml biotin-BDNF in HEPES-Kreb's-Ringer's solution (HKR) containing (in mM): 10 HEPES, 137 NaCl, 4.7 KCl, 2.6 CaCl 2 , 1.2 KH 2 PO 4 , and 1.2 MgSO 4 , pH 7.4, plus 0.02% azide and 0.1% BSA for 1 hr at 4°C. Cells were washed twice with HKR at 4°C and fixed with 4% paraformaldehyde in 100 mM Na cacodylate, pH 7, for 20 min, again at 4°C. Next, cells were rinsed three times with HKR and once with Tris saline (20 mM Tris-HCl and 150 mM NaCl, pH 7.4). Bound biotin-BDNF was detected with streptavidinCy3 (Jackson Laboratories, Bar Harbor, ME) on a Bio-Rad (Richmond, CA) 1024 laser scanning confocal microscope.
BDNF Cross-linking. Cells were grown to 50 -75% confluency on 150 mm tissue culture dishes. Cells were washed twice with 10 mM HEPES and 150 mM NaCl, pH 7.4, and harvested in 10 mM HEPES, 150 mM NaCl, and 1 mM EDTA, pH 7.4. The optical density of the cell suspension at 600 nm was determined, cells were pelleted at 500 ϫ g for 5 min at 4°C, and then the cells were resuspended in 4°C cross-linking buffer containing (in mM): 10 HEPES, 150 NaCl, 1 MgCl 2 , 1 CaCl 2 , and 0.1% BSA) at an A 600 per ml ϭ 3. Next, 500 l of the resulting cell suspension was added to 500 l of 20 nM 125 I-BDNF (prepared as described in Radeke and Feinstein, 1991) in cross-linking buffer and incubated at 4°C for 60 min, either plus or minus 10 g/ml unlabeled BDNF. Then cells were pelleted at 500 ϫ g for 5 min at 4°C and resuspended in 500 l of cross-linking buffer lacking BSA; an equal volume of 8 mM EDAC [1,ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride] (Sigma, St. Louis, MO) in cross-linking buffer was added. After a 10 min incubation at 4°C, cells were washed three times in cross-linking buffer lacking BSA and then lysed in 500 l of lysis buffer (1% Triton X-100, 20 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 2.5 g/ml pepstatin, and 2.5 g/ml leupeptin, pH 7.4) at 37°C. Immediately after lysis, the lysate was chilled on ice and then centrifuged at 10,000 ϫ g for 10 min at 4°C. The resulting supernatant was incubated with 20 l of wheat germ agglutinin (WGA)-agarose slurry (Sigma) for 60 min at 4°C. The WGA-agarose was washed three times at 4°C with lysis buffer, and bound proteins were eluted with 2ϫ gel sample buffer plus 5% ␤-mercaptoethanol. Samples were fractionated on a 7% SDS-polyacrylamide gel and detected by fluorography.
c-fos Immunoblotting. Subconfluent log-phase cells were cultured in serum-free DMEM containing 0.1% endotoxin-free BSA for 16 -18 hr, treated with 50 ng/ml BDNF or NGF (as indicated) for an additional 1 hr, and then lysed in 1% Triton, 20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 2.5 g/ml leupeptin, 2.5 g/ml pepstatin, and 1 mM PMSF, pH 7.4, at 4°C for 10 min. Nuclei were isolated by low-speed centrifugation (500 ϫ g, 5 min, 4°C) and resuspended in 2ϫ protein sample buffer; the DNA was sheared mechanically with a 25 gauge needle. Nuclear protein (20 g), as determined by the Amido-Schwartz assay of Schaffner and Weissmann (1973) , was fractionated on a reducing 7.5% SDSpolyacrylamide gel and transferred to nitrocellulose. Nonspecific antibody binding was blocked by incubating the membrane in 5% Blotto (5% nonfat milk, 0.1% Tween-20, 50 mM Tris, and 150 mM NaCl, pH 7.4). c-fos protein was detected with 0.1 g/ml SC-52, an affinity-purified rabbit anti-fos polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Primary antibody was visualized by HRP-conjugated goat anti-rabbit IgG (Bio-Rad), followed by enhanced chemiluminescence (Pierce, Rockford, IL).
Microphysiometric assays. Cells were harvested at ϳ75% confluency and seeded onto 3 M polycarbonate microporous transwells (Molecular Devices, Sunnyvale, CA) at a density of 5 ϫ 10 5 cells/ml. Then cells were serum-starved for 16 -18 hr in DMEM containing 0.1% endotoxin-free BSA and 10,000 U/ml each of penicillin and streptomycin (Life Technologies, Gaithersburg, MD). After serum starvation, the transwells were transferred to flow chambers of a Cytosensor microphysiometer (Molecular Devices), as described in Baxter et al. (1992) . Cells were perfused with low phosphate-buffered RPMI-1640 medium with a pump cycle of 150 sec, composed of a flow-on period (100 l/min for 110 sec) followed by a flow-off period (40 sec). Extracellular acidification rate was determined from the slope of a linear least-squares fit during the central 30 sec of each flow-off period. Acidification rate data were normalized mathematically to 100% at the data point just before BDNF exposure. BDNF was used at 50 ng/ml.
RESULTS

Transfected cells expressing trkB.T1 or trkB.T2 fail to induce c-fos in response to BDNF administration
To test the hypothesis that the truncated trkB isoforms trkB.T1 and trkB.T2 are capable of ligand-dependent signal transduction, we generated stably transfected clonal L-cell lines expressing trkB.FL, trkB.T1, or trkB.T2. Two sets of analyses, one microscopic and one biochemical, were performed to assess trkB receptor surface expression on each of these cell lines. First, cells on coverslips were treated with biotinylated BDNF, fixed, stained with streptavidin-Cy3, and viewed by confocal microscopy. Figure  2 presents a projection series of 0.5 m optical sections of nonpermeabilized representative cells for each of the transfected cell lines and nontransfected control cells, providing a pseudo-threedimensional view of the trkB expression on each cell surface. The images show that transfected cells, but not the nontransfected host cell line, exhibit BDNF binding sites on their surfaces. Addition of excess unlabeled BDNF resulted in a complete loss of labeling (data not shown). Although there appears to be a concentration of receptors at endfeet-like structures, rotation of the images reveals that this results from extensive membrane ruffling associated with these structures. Additionally, the distribution pattern of receptors on the cell surfaces is indistinguishable among the different transfected cell lines.
Second, cells were exposed to 125 I-BDNF for 1 hr at 4°C and then treated with the covalent cross-linker EDAC. Then cells were lysed in a Triton X-100 buffer, and the lysate was enriched for trkB receptors by WGA affinity chromatography. This WGA eluate was fractionated by SDS-PAGE, and proteins covalently coupled to 125 I-BDNF were visualized by fluorography. As seen in Figure 3 , each transfected cell line expresses specific radiolabeled complexes corresponding to the correct size for each trkB isoform-125 I-BDNF complex. Simultaneous addition of an excess of unlabeled BDNF eliminated formation of the radiolabeled complex (data not shown). In addition, both immunoblotting and BDNF binding studies confirmed that each of these cell lines expresses trkB receptors (data not shown).
As an initial test of signaling capability, we analyzed each transfected cell line and nontransfected control cells for their ability to induce a common immediate early gene product, c-fos, in response to BDNF administration. Consistent with expecta- tions based on previous trkB.FL studies (Marsh et al., 1993; Nakagawara et al., 1994) and other receptor tyrosine kinases (Cochran et al., 1984; Kruijer et al., 1984 Kruijer et al., , 1985 Muller et al., 1984; Bravo et al., 1985; Greenberg et al., 1985; Milbrandt, 1986; Stumpo and Blackshear, 1986) , trkB.FL transfectants treated with BDNF exhibited a rapid induction of c-fos protein expression comparable to that exhibited by NGF-treated PC12 cells (Fig. 4) . Nontransfected control cells failed to induce c-fos expression. Most importantly, no induction of c-fos was observed with either trkB.T1 or trkB.T2 transfected cells treated with BDNF. We also examined another common receptor tyrosine kinase-mediated response, the induction of ornithine decarboxylase activity (Greene et al., 1978; Guroff et al., 1981; Feinstein et al., 1985) . Again, trkB.FL transfectants, but not trkB.T1 or trkB.T2 transfectants, responded to BDNF treatment (data not shown).
BDNF signal transduction by trkB.T1 and trkB.T2: microphysiometric assays
Because the intracellular domains of trkB.T1 and trkB.T2 bear no sequence resemblance to a tyrosine kinase domain, it is not surprising that they were unable to mediate characteristic tyrosine kinase signaling events. In fact, the intracellular domains of trkB.T1 and trkB.T2 are not reminiscent of any sequence motif known to be involved in signaling. Therefore, we next sought a means to test the ability of each transfectant to mediate ligandinduced signal transduction that was not dependent on previous knowledge of the specific signal transduction mechanism or endpoint. For this purpose, we used a Cytosensor microphysiometer, an instrument based on a pH-sensitive, light-addressable potentiometric sensor (LAPS; Owicki et al., 1990; McConnell et al., 1992; Owicki and Parce, 1992) . This instrument detects ligandinduced receptor activation and downstream signaling mechanisms by monitoring the rate of extracellular media acidification. This acidification is a consequence of the energy-producing metabolic pathways, glycolysis and aerobic respiration, which produce protons via formation and release of the acidic byproducts lactic acid and CO 2 , respectively. To a first approximation, the extracellular acidification rate represents the sum of cellular glycolytic and respiratory activity and is therefore a measure of cellular metabolic activity . In addition, in some instances it is likely that activation of specific H ϩ antiporters contributes to the change in the rate of media acidification (Wada et al., 1993; Baxter et al., 1994) . Most important for this investigation, receptor activation has been shown to alter the rate at which cells release acidic metabolites in a large number of signaling pathways. Indeed, microphysiometry has been used in studies of CNTF signaling in SH-SY5Y cells (Johnson et al., 1994) , kainic acid effects on hippocampal cells (Raley-Susman et al., 1992), NGF:trkA interactions (Pitchford et al., 1995) , D1 and D2 dopamine receptor action (Neve et al., 1992; Bouvier et al., 1993) , m1 and m3 muscarinic receptor action (Baxter et al., 1994) , ACh action on the Na ϩ /K ϩ ATPase (Miller et al., 1993) , PKC action (Omary et al., 1992) , cAMP effects on the H ϩ /K ϩ ATPase Thibodeau et al., 1994) , glucocorticoid action (Redish et al., 1993) , the role of PKC ⑀ on granulocyte-macrophagecolony-stimulating factor (GM-CSF) action (Wada et al., 1993) , angiotensin II action (Dickinson et al., 1994) , and CC-chemokine receptor action (Samson et al., 1996) . The microphysiometer also has been used recently to examine the interactions between synthetic peptides and cognate receptors in an effort to design effective competitive inhibitors (Renschler et al., 1995) . Thus, microphysiometry has become an extremely valuable tool to address important questions in many different signaling systems.
The microphysiometer readily detected BDNF-induced signal transduction by trkB.FL receptors (Fig. 5) , revealing a kinetic profile essentially identical to NGF stimulation of trkA and other ligand-receptor tyrosine kinase signaling systems (Parce et al., 1989; Baxter et al., 1992; McConnell et al.; Pitchford et al., 1995) . Nontransfected control cells did not respond to BDNF. The most intriguing results were that BDNF treatment of both the trkB.T1 and trkB.T2 transfected cells induced significant changes in their respective rates of extracellular acidification. All of these BDNF effects were concentration-dependent and saturable (data not shown). Finally, NT4/5, another ligand known to bind to the trkB receptors (Berkemeier et al., 1991) , produced similar responses as BDNF (data not shown).
These data make several points. First, the data demonstrate that trkB.T1 and trkB.T2 are capable of mediating ligand-induced changes in cell physiology, i.e., signal transduction. Moreover, in contrast to the rapid burst and plateau kinetics of the trkB.FL receptors and other tyrosine kinases, the trkB.T1 and trkB.T2 receptors exhibited more gradual kinetics in their rates of media acidification. These observations suggest that at least some features of the trkB.T1 and trkB.T2 signaling pathways must be distinct from those used by trkB.FL.
The intracellular domains of trkB.T1 and trkB.T2 are necessary for their signaling capabilities
To begin assessing the molecular basis of trkB.T1 and trkB.T2 signaling, we next investigated the necessity of the intracellular domain of each receptor for signaling capability. We generated two clonal stably transfected cell lines expressing trkB deletion mutants, as schematized in Figure 1 . Both possess the entire extracellular and transmembrane domains of trkB. However, trkB⌬435 possesses only the first 12 intracellular amino acids (common to all trkB isoforms), whereas trkB⌬423 contains only a single lysine on the intracellular domain. Microscopic (Fig. 2) and biochemical cross-linking (Fig. 3) analyses confirmed expression of these mutant trkB receptors on the plasma membranes, as did ligand-binding assays (data not shown). Microphysiometric analyses of both the trkB⌬423 and trkB⌬435 cell lines demonstrated that these deletion mutants were unable to signal in response to BDNF (Fig. 4) . Thus, the unique carboxyl tails of trkB.T1 and trkB.T2, only 11 and 9 amino acids long, respectively, are necessary for signal transduction by these receptors.
Phosphorylation is likely to be involved in the trkB.T1 and trkB.T2 signal transduction mechanisms
To investigate further the signaling mechanism or mechanisms used by trkB.T1 and trkB.T2, we tested their signaling abilities in the presence of the kinase inhibitors K252a and staurosporine. K252a is known to inhibit signaling by the tyrosine kinase isoforms of the trk family of receptors (Berg et al., 1992; Ohmichi et al., 1992) . Staurosporine is a more general kinase inhibitor Roback et al., 1995) . As seen in Figure 6 A and B, staurosporine completely blocks signaling by both trkB.T1 and trkB.T2. On the other hand, K252a diminishes and delays, but does not eliminate, signaling by both receptors. In both cases the responses were dose-dependent with respect to inhibitor concentration (data not shown). Further, parallel experiments with the trkB.FL transfectants demonstrated that K252a and staurosporine decreased tyrosine phosphorylation of trkB.FL by ϳ90 and ϳ99%, respectively, at the concentrations used for the data presented in Figure 5 (data not shown). These are relatively high doses that are likely to inhibit multiple kinases. K252a or staurosporine alone had no effect on the rate of acidic metabolite release (data not shown). Taken together, these data suggest that protein kinases are likely to be involved at some point in the trkB.T1 and trkB.T2 signaling pathways.
DISCUSSION
The hypothesis tested in this study proposes that the trkB.T1 and trkB.T2 receptors are capable of mediating ligand-dependent signal transduction by a presently unknown molecular mechanism. The rationale for the hypothesis is as follows. First, current models for truncated trkB function (action as a dominant negative Figure 5 . trkB.T1 and trkB.T2 are both capable of mediating BDNFdependent signal transduction requiring their respective intracellular domains. Transfected cell lines were treated with 50 ng /ml BDNF at time t ϭ 0, and the rate of extracellular media acidification was monitored with a Cytosensor microphysiometer. Data are presented as the percentage of increase in acidification rate over initial basal activity before treatment with BDNF. Figure 6 . Effects of K252a and staurosporine on trkB.T1 and trkB.T2 signaling capability. A, TrkB.T1 transfected cell lines were pretreated for 20 min with either no inhibitor, 100 nM K252a, or 200 nM staurosporine and then treated simultaneously with the same inhibitor plus 50 ng /ml BDNF at time t ϭ 0 and analyzed as in Figure 5 . B, TrkB.T2 transfected cell lines were pretreated for 20 min with either no inhibitor, 100 nM K252a, or 200 nM staurosporine and then treated simultaneously with the same inhibitor plus 50 ng /ml BDNF at time t ϭ 0 and analyzed as in Figure  5 . All exposures to BDNF or BDNF plus inhibitor were for the duration of the experiment. For both the staurosporine and K252a experiments, these are relatively high concentrations that likely inhibit multiple kinases. modulating trkB.FL effects, action as a barrier to diffusion, or action as a molecular sponge to soak up excess ligand) require nothing functionally of the intracellular region other than to tether the molecule in the cell membrane. On the other hand, the facts that (1) the intracellular domain of trkB.T1 exhibits 100% sequence conservation across four mammalian species and (2) multiple truncated isoforms exist suggest that their intracellular domains are likely to have more demanding functions required of them beyond simply serving as molecular anchors. Second, studies to date have failed to detect any ligand-dependent signaling capabilities for the truncated receptors with the use of commonly observed signaling endpoints, such as calcium fluxes, immediate early gene inductions, or survival.
With the use of microphysiometry as an assay, our data suggest that both trkB.T1 and trkB.T2 are capable of mediating ligandinduced changes in cell physiology. Further, we have shown that the isoform-specific intracellular sequences are necessary for this response. The simplest interpretation is that the truncated trkB receptors are capable of mediating ligand-induced signal transduction.
Alternatively, it is possible that the microphysiometric signals observed in the trkB.T1 and trkB.T2 transfected cells represent the energy consumption caused by receptor internalization. This explanation would suggest that the energy required for receptor internalization alone accounts for the microphysiometric response of trkB.T1 and trkB.T2 transfected cells, whereas the lack of response in trkB⌬423 and trkB⌬435 cells results from their possible inability to internalize. However, calculations by Owicki and Parce (1992) suggest that the amount of ATP consumed by receptor-activated signaling mechanisms, including internalization, is small relative to the metabolic responses detected by the microphysiometer. Thus, although energy consumed in the actual signaling and internalization processes themselves may account for a small fraction of the observed responses, it is unlikely to be a major factor influencing the overall level of acidic metabolite release. Rather, the long-term changes observed in cellular metabolism likely reflect more global changes in cellular function, such as those associated with differentiation or long-term maintenance of a cell type.
Another noteworthy point is that different transfected cell lines express somewhat different levels of their respective trkB protein. However, we do not believe that this affects the interpretation of the data. Indeed, the fact that cell lines expressing either relatively higher or lower levels of receptor are capable of responding to BDNF (trkB.T1 has higher levels of expression relative to trkB.T2 and trkB.FL cells) whereas other cells expressing either higher or lower levels of receptor fail to respond (trkB⌬435 expresses higher levels of receptor similar to trkB.T1 cells, but trkB⌬423 is expressed at lower levels more similar to trkB.T2 and trkB.FL cells) suggests that expression levels over the range present in these cells is not a significant factor.
Although the intracellular domains are quite small, there is ample precedent for signaling by other transmembrane proteins with small intracellular domains. For example, integrins and some cytokine receptors have small intracellular domains that lack any known enzymatic activity and still promote ligandinduced signal transduction by using a host of signaling elements (McLean et al., 1990; Clarke and Brugge, 1995; Schwartz et al., 1995; Taniguchi, 1995) . ␤-1,4-Galactosyltransferase, a transmembrane protein found on the surface of mammalian sperm that possesses only 24 intracellular amino acids, nonetheless activates a G-protein complex when sperm interact with egg surface proteins (Gong et al., 1995) .
It is important to note that signaling capability is not mutually exclusive of other functions, such as action as a dominant negative effector (Eide et al., 1996; Ninkina et al., 1996) . In fact, superimposing these functions may provide a cell with unique capabilities. For example, trkB.FL is the predominant trkB isoform expressed early in development, whereas later, trkB.T1 levels become elevated. At the time of transition, cells coexpressing both isoforms might experience a gradually increasing dominant negative effect of trkB.T1 receptors on trkB.FL signaling pathway via formation of trkB.FL:trkB.T1 heterodimers as trkB.T1 levels increase relative to trkB.FL levels. In parallel, the trkB.T1 signaling pathway or pathways would be expected to activate gradually via trkB.T1 homodimer formation.
Mechanistically, ligand-induced dimerization of trkB.T1 or trkB.T2 would be expected to bring together two intracellular domains plus any associated proteins. This dimerized unit then could serve as an activation complex for initiating a signaling cascade. Included within the first 12 intracellular amino acids common to all three known trkB isoforms (as well as trkA and trkC) is the amino acid sequence KFG, which has been shown in trkA to be essential for activation of a ras-independent NGF signaling pathway and phosphorylation of SNT (Peng et al., 1995) . This sequence may be involved in signaling by trkB.T1 and trkB.T2. In addition, although the intracellular domain of trkB.T1 lacks any tyrosines or threonines, it does have a serine residue. TrkB.T2 has all three residues. Phosphorylation of the receptors themselves is therefore a possible component of the signaling pathway. Alternatively, the phosphorylation dependence of the signaling pathways suggested by the staurosporine and K252a experiments might occur at a step further downstream in the cascade.
That trkB.T1 and trkB.T2 receptors are capable of ligandmediated signaling may have broad functional implications for both neuronal and glial cells. Because trkB.T1 becomes the predominant trkB isoform as development proceeds and its expression is induced strongly after injury, it is possible that trkB.T1 signaling may influence or regulate aspects of neural maturation and /or response to injury. Although trkB.T2 expression has not been examined yet in these contexts, recent work has revealed that it is found primarily in neurons . On the basis of the data presented here, a role in neurotrophin signaling now must be considered in developing models for the action of both trkB.T1 and trkB.T2. These data also raise the possibility that at least some of the numerous trkC isoforms lacking tyrosine kinase domains may be capable of signaling Tsoulfas et al., 1993; Valenzuela et al., 1993) . From a larger evolutionary point of view, generating multiple receptor isoforms with distinct signaling capabilities from a single gene provides functional versatility in a very efficient manner. For example, five different PACAP (pituitary adenylyl cyclase-activating polypeptide) receptors, each with distinct signaling patterns, arise from a single gene by virtue of alternative splicing of exons encoding different regions of the intracellular domain of the protein (Spengler et al., 1993) .
The next steps in the process of understanding trkB.T1 and trkB.T2 action and function will be to identify molecular components involved in these intracellular signaling pathways and to gain a more detailed understanding of the developmental and cell type-specific expression of each isoform. In addition, mouse knock-out experiments in which trkB.FL is expressed, but each
